mm
2 /s and a high thermal conductivity of 518 W/m K parallel to the longitudinal fiber direction at room temperature. The corresponding axial thermal conductivity of the fibers, graphitized at 2900 °C with a diameter of 50~55 µm, is estimated to be 825 W/m K. The 2-D composite filled with a high (54%) volume fraction of MPGFs also exhibits a high thermal conductivity in two directions (parallel to the longitudinal directions of the incorporated fibers).
Introduction
Heat generated by electronic devices and circuitry must be dissipated to improve performance, reliability and prevent premature failure [1] ..Currently, utilization of high-conductivity materials is proposed to solve thermal management problems (heat dissipation, thermal stress and warping) in microelectronics, high-power devices and their assemblies or packaging [2] [3] [4] . Pitch-based carbon fibers are unique in their ability to achieve ultra-high Young's modulus and thermal conductivity and, therefore, have found an assured place in thermal management applications [5] [6] [7] . Recently, the application range of pitch-based carbon fiber-reinforced carbon matrix (C/C) composites with high thermal conductivity, has been broadened from critical military and aerospace applications to include thermal management (heat sinks) in electronic components and heat pipes [8] [9] [10] . However, the thermal conductivity of C/C composites is structure sensitive (directionally dependent). The composite architecture, thermal conductive property, filler volume fractions, crystal orientation and crystallinity of carbon fiber fillers themselves, as well as the spatial arrangement of voids and other defects in C/C composites, have obvious influence on their thermal conductivity. In consequence, the preparation process for such highly conductive C/C composites is extremely complicated, coupled with a long fabrication period and high production cost, which has greatly hindered their widespread commercialization [11, 12] . In addition, all C/C composites share a common disadvantage of being electrically conductive, which is undesirable in many microelectronic applications.
Instead, carbon fiber-reinforced polymer matrix composites, which also offer good thermal performance, have been shown to overcome these disadvantages. They can be simply fabricated at a relatively low cost and easily machined into finished products, and thus are extensively used in thermal management fields [1] [2] [3] [4] 13] . For instance, vapor grown carbon fiber-reinforced epoxy matrix composite hot-pressed at 150 °C exhibits a thermal conductivity as high as 695 W/m K in the direction parallel to the oriented fibers with a density of 1.5 g/cm 3 , and it has an electrically insulating surface unlike carbon fiber-reinforced carbon or metal matrix composites [14] . The preparation of semi-aligned and semi-continuously aligned vapor grown carbon fibers with ultrahigh axial thermal conductivity is a key factor for these high thermal conductivity composites. However, such composites are not easily manufactured with large size due to the discontinuities and misalignments of vapor grown carbon fibers (commonly limited in length and entangled together) when used as fillers in composites. On the other hand, as continuous and controllable fibers with high axial thermal conductivity, mesophase pitch-based carbon fibers have found applications as thermal management materials [1] [2] [3] [4] due to their excellent thermal transport properties.
The commercial carbon fiber with the highest thermal conductivity at present is K-1100, manufactured by BP-Amoco Performance Products, which has a renowned axial thermal conductivity of 1100 W/m K. It is important to note that a continuous K-1100 carbon fiber-reinforced epoxy matrix composite with a fiber volume fraction of 60% having all fibers oriented in the same direction, would have an extraordinary axial thermal conductivity of 540~660 W/m K, which is almost 1.5 times that of copper (about 400 W/m K) [2, 3, 15] . Compared with continuous ones, discontinuous (chopped or milled) K-1100 carbon fiber-reinforced polymer matrix composites, in contrast, show an approximately isotropic thermal conductivity of below 20 W/m K.
Thus, a major advantage of using continuous carbon fibers is that it is possible to translate their excellent properties into composites and to vary directional properties significantly. For example, by orienting a high percentage of continuous fibers, it is feasible to produce composites with very high thermal conductivities along the carbon fiber axis. This can make fiber-reinforced composites more efficient than heat pipes in transporting heat over relatively short distances in some instances. An additional benefit is that solid-state methods of heat transfer are more reliable [3] . In addition to their high thermal conductivity, mesophase pitch-based carbon fibers have other attractive attributes for packaging applications, such as extremely high modulus (stiffness) -e.g. K-1100 fiber's elastic modulus is as high as 965 GPa, more than an order of magnitude greater than that of aluminum (69 GPa) -relatively low density (2.2 g/cm 3 ) to save weight and low, or even negative (-1.5×10 -6 °C -1 ) axial coefficient of thermal expansion to more closely match other relatively low thermal expansions (e.g. that of silicon) throughout the system, etc. [3] .
This work reports the preparation and characterization of continuous mesophase pitch-based graphite fiber (MPGF) reinforced acrylonitrile butadiene styrene (ABS) resin composites. The objective of this work is to show the influence of the carbon fibers' volume fraction, diameter and graphitization temperature on the thermal diffusivity and thermal conductivity of composites filled with carbon fibers in one direction, or in two orthogonal directions. The electrical resistivity and mechanical properties of the resultant one-dimensional (1-D) and two-dimensional (2-D) ABS resin composites are also reported. Furthermore, the room-temperature axial thermal conductivity of MPGFs is estimated reasonably and accurately by measuring the thermal diffusivity and thermal conductivity of the 1-D composites.
Experimental

Raw materials
Round-shaped MPGFs were prepared by melt-spinning a commercial naphthalene-derived synthetic mesophase pitch (produced by Mitsubishi Gas Chemical Corporation) followed by complete oxidative stabilization, carbonization and final graphitization at 2500, 2700 and 2900 °C [16] . These MPGFs had various diameters in the range of 10~55 µm (and each batch typically has a slight, ± 5 µm, differential in diameter owing to multi-hole spinning).
ABS resin was purchased from Zhenjiang Chimei Plastic Company in Jiangsu province of China. The typical composition of ABS resin is approximately 25% acrylonitrile, 25% butadiene, and 50% styrene by weight. The softening point and density of ABS resin are about 100 °C and 1.05 g/cm 3 , respectively.
Preparation of the MPGF/ABS resin composites
ABS resin particles weighed at a required percentage to carbon fiber were directly dissolved in acetone by magnetic stirring for 5 h to form a homogeneous solution. The weighed MPGF bundles (aligned well during the whole preparation process) were arranged at a low thickness of about 0.3 mm in a rectangular-shaped plastic mould.
The ABS resin solution was carefully cast on the ordered MPGF array, and the MPGFs were uniformly soaked with the solution. A lamina of MPGF/ABS resin prepreg is formed after complete volatilization of the acetone in a draught cupboard.
Many laminas with a size of 80 × 40 mm were mechanically cut from these thin prepregs and then piled up uniaxially in a stainless steel mould, and finally The room-temperature electrical resistivity of the prepared rectangular-shaped composite block was directly measured by the standard four-probe method on a TTi BS 407 precision milli/micro ohmmeter. The bulk density ( ) of the composite block with a regular shape was calculated from its mass and dimensions. The thermal diffusivity ( ) of a composite specimen with a size of 10 × 10 × 4 mm was measured using a laser-flash diffusivity instrument (LFA 447, NETZSCH) at room temperature.
Each sample was tested in at least three sections and the average thermal diffusivity of the three measurements was calculated. Both the electrical resistivity and thermal diffusivity data were primarily obtained along the longitudinal direction of graphite fibers. It is well known that specific heat capacity (C p ) is a material constant and is sensitive to the ambient temperature. The values of C p of the MPGF/ABS resin composites were not easy to determine precisely by using a differential scanning calorimeter at room temperature (25 °C) . Consequently, the C p values of the composites were estimated from those of the two components, ABS resin and MPGF, according to the mixture rule [18, 19] . The room-temperature C p values of ABS resin and the 2900 °C graphitized MPGFs are reported respectively as 1.30 and 0.71 J/g K [18, 19] , and the room-temperature C p values of the composites could thus be calculated, changing (like density) relatively little from 1.14 to 0.85 J/g K as the fiber volume fractions varied markedly from 15% to 62%. Therefore, the thermal diffusivity value was determined to be the most critical factor governing the thermal conductivity of the composite materials. The thermal conductivity ( ) of the composites was calculated from the bulk density, specific heat capacity and thermal diffusivity according to the equation: = C p . The impact strengths of MPGF/ABS resin composite blocks were measured on normal bar specimens (about 80 × 10 × 4 mm) perpendicular to the longitudinal direction of graphite fibers at room temperature using a ZWJ-0350 simple beam impact testing machine.
Results and discussion
3.1 Morphology and structure of the MPGFs and conductivity in the fiber axial direction [20] . The benchmark graphite fibers (K-1100) with very high axial thermal conductivity also similarly form an open wedge crack structure at the transverse section [16, 21] . Although such cracks can be reduced
or eliminated by precise control of spinning parameters [22, 23] , the round-shaped carbon fibers exhibiting radial texture in their transverse cross sections remain prone to splitting during high-temperature heat treatment. As shown in Fig. 2 (a), the carbon layers of a radial-textured MPGF with a large diameter of ~55 µm after graphitization at 2900 °C are obviously developed from the surface to the centre of the fiber, which is similar to the transverse textural diagram of In contrast, the graphite fiber with a small diameter of ~10 µm exhibits a radial-folded or disturbed texture in the transverse section of fiber as shown in Fig integrity. This suggests that the preferred orientation and microcrystal domains of graphite crystals in the larger diameter fiber are greater than those in a small one [24] .
The XRD analyses shown in Fig. 3 further verify this conjecture. The relative intensity of the (0 0 2) diffraction peak of large diameter fibers is much stronger than that of small diameter fibers. The former indicates more perfect orientation of carbon layers and the larger crystal size, which is highly consistent with the SEM observation results. Being calculated from the XRD patterns after correction for instrument broadening using Si as an internal standard, the crystal coherence length (L a(002) ) [25] , the stacking height (L c(002) ) and the degree of graphitization (g) [26] of the MPGFs with different diameters are listed in Table 1 Such larger diameter MPGFs with a radial transverse texture exhibiting bigger crystalline sizes, higher g values and better crystalline orientation, can undoubtedly offer a high thermal conductivity similar to K-1100 fibers [24, 27] . Intensity/ (a.u.) and meridional scans for MPGFs show a significant difference due to their highly anisotropic structure [16] . Intensity/ (a.u.) The heat dissipation or percolation from the small MPGFs to ABS resin cannot be ignored [32, 33] and this may result in the effective decrease of the axial thermal conductivity of these fibers. However, the large MPGFs with open-wedge carbon layers allow much easier heat transportation in the fibers' radial direction to the ABS resin in comparison with the small MPGFs. Therefore, it is necessary to take into account the balance of both of these effects. According to the result reported in reference [34] , the axial thermal conductivities of mesophase pitch-based carbon fibers (P-25 and K-1100) can be accurately determined from axially aligned unidirectional epoxy composites with high volume fraction of fibers through laser flash measurements. phonons is limited by two principal mechanisms: scattering at crystallite grain boundaries, and scattering at point defects within the layer planes [11] . Therefore, the thermal conduction with MPGFs and their directional composites is mostly governed by the phonon mean free path (closely associated with the planar crystallite size), the preferred orientation and the structural continuity of graphite crystals or layers within the fibers. It is therefore reasonable that the large MPGFs which possess large crystallite size (listed in Table 1 ) and greater crystal orientation (shown in Fig. 2) should have a high axial thermal conductivity. . This discrepancy appears to be due to differences in the specific heat capacity of MPGF/ABS resin composites calculated according to the mixture rule as shown in Fig. 14(a) , which varies from 1.14 to 0.85 J/g K as the fiber volume fraction varies from 15% to 62%. In addition, the radial crack texture of carbon fibers with a large diameter may be helpful for heat dissipation or percolation from the carbon fibers to ABS resin, such heat scattering thus leading to the decrease of the thermal conductivity of composites. As a comparison, in terms of the rule of mixture for the thermal conductivity of fiber-reinforced 1-D composites [19, 34, 37] higher than the values for ABS resin (0.14 mm 2 /s and 0.2 W/m K). These obvious differences in thermal transport behavior in the two directions result from the structural anisotropy as evidenced in Fig. 5 and Fig. 9 . It is well known that the thermal diffusivity and thermal conductivity in the transverse direction of MPGFs is at least an order of magnitude lower than those in the axial direction, similar to that of 'c' and 'a' axes of natural graphite [12, 38] . Moreover, the ABS resin is a thermally insulating material with potentially high interfacial thermal resistance. Therefore, the composite blocks are still thermally insulating in the direction perpendicular to the hot-pressed surface. It is interesting to note that the thermal diffusivity and calculated thermal conductivity, in the direction perpendicular to the transverse section of the 
